Loss of function mutations of scabrous and conditional alleles of Notch and Delta affect the pattern of morphogenetic furrow development. By studying differentiation of R8 cells, the first photoreceptor neuron subtype to differentiate, we show that all furrow cells pass through an R8-competent stage. Our results suggest that in the eye, Notch and Delta amplify and refine a morphogenetic landscape. generated by scabrous. Cell determination in other tissues and organisms might also be molded in a two-step process where initial inhomogeneities determined by one protein provide a context for subsequent development.
Introduction
Extracellular signals and cell interactions have great importance during animal development (Melton, 1991) . Even very precise structures may develop using primarily extracellular cues. A good example is the Drosophila compound eye, whose 800 or so ommatidia (unit eyes) are each constructed by a precise arrangement of 22 cells. Only the four bristle organ cells are related by lineage, demonstrating that cell interactions are responsible for determination of nearly all the cells (Ready et al., 1976; Lawrence and Green, 1979; Wolff and Ready, 1991a) .
Most retinal cells are thought to be induced by signals emanating from ommatidial cells that have already begun to differentiate. In this way, each increase in coml Corresponding author, Tel.: 718 430 2854: Fax: 718 430 8778. plexity of the retinal epithelium results in determination of still further cells (Tomlinson and Ready, 1987a,b; Reinke and Zipursky, 1988; Tomlinson et al. 1988; Cagan and Ready, 1989a,b; Baker and Rubin, 1992) . In this view, determination of the first cells must occur by a different mechanism to begin the cascade.
The initial stages of ommatidium formation occur within the morphogenetic furrow, a depression that moves from posterior to anterior across the eye disc as differentiation proceeds (Ready et al.. 1976; Wolff and Ready, 199 1 b) . Two proteins, hedgehog (hh) and decapentaplegic (dpp), must be secreted for successively more anterior eye disc cells to initiate differentiation and for the morphogenetic furrow to advance across the disc (Heberlein et al., 1993; Ma et al., 1993) . Although hh and dpp trigger the start of retina1 differentiation, there is no evidence they influence the actual pattern of ommatidia formed. To determine what controls the placement of ommatidia, we have investigated certain mutations that affect determination of the R8 photoreceptor cells. The central R8 cell is the first photoreceptor cell to differentiate and is required for the subsequent recruitment of all the other photoreceptor cells. Thus, the R8 cell may be considered the founder photoreceptor cell (Tomlinson and Ready, 1987a; Jarman et al., 1994) . Three genes whose loss of function mutations affect R8 determination are Notch (N), Delta (DC) and scabrous (sea) . Several other mutations affect R8 cells but are either gain of function mutations or have effects after the initial specification of ommatidia has occured (Karpilow et al., 1988; Campos-Ortega and Knust, 1990; Heberlein et al., 1991; Baker and Rubin, 1992; Hiromi et al., 1993) . There may be other important genes that have not yet been identified, since mutageneses may not have saturated for genes involved in eye development, many of which may also be essential for viability (Baker et al., 1992; Thaker and Kankel, 1992) . A brief review ( Fig. 1 ) of previous studies of N, Dl and sea and their roles in R8 determination reveals several unresolved issues. (A) Sea expression in wildtype. Sea protein is detected in intracellular vesicles in groups of 5-10 cells at the anterior of the morphogenetic furrow. In the next four columns, sea protein is largely restricted to the R8 cell precursor as each ommatidial precluster forms. (B) Sea expression in a sea mutant. Not only is the arrangement of R8 cells irregular, but also the initiation of sea expression is affected. Sea expression begins in groups of cells that vary in shape and separation and are sometimes fused together. This suggests that sea protein influences cells anterior to the morphogenetic furrow and affects where sea expression will be initiated. If other signals are involved and in what direction they act is not known. (C) Intracellular location of sea proteins. Apical thin section of eye imaginal disc labelled for sea proteins (revealed as gold particles). The developing ommatidium is at the 'arc' stage early in column I (see Fig. 8 
and text).
Gold particles are associated with a vesicle within the R8 precursor cell. Other vesicles are unlabelled. Note no labelling of cell surface membrane (in contrast to Fig. 2 ) or of extracellular spaces. Fixation and detergent conditions used for wholemount antibody labelling cannot be assumed to preserve intracellular membranes accurately, so identification of the vesicle type based on morphology is speculative. (D) Neural differentiation in a NfS mutant. Larva incubated at the restrictive temperature for 6 h and then for 6 h at the permissive temperature prior to dissection. The neural specific form of neuroglian protein was detected with mAbBP104 (Horscht et al., 1990 N encodes a transmembrane receptor-like protein (Wharton et al., 1985; Kidd et al., 1986) . N is important in singling out cells from equivalence groups in the nervous system and other developing tissues (Hartenstein and Campos-Ortega, 1984; Doe and Goodman, 1985; Jacobs et al., 1989; Hartenstein and Posakony, 1990; Cabrera, 1990; Heitzler and Simpson, 1991; Ruohola et al., 1991; Corbin et al., 1991; Campos-Ortega and Haenlin, 1992; Skeath and Carroll, 1992; Bodmer et al., 1993) . Reduction of N function in the N"' mutation leads to many excess photoreceptors developing from cells in the morphogenetic furrow (Fig. 1D) . Many of these are R8-like, based on their expression of sea-1acZ enhancer-reporter genes which typically are expressed in R8 cells. Therefore, N function is required to limit the number of R8 cells that differentiate (Cagan and Ready, 1989a; Fig. 1E) .
sea encodes a secreted protein related in part to fibrinogen E.-C. Lee and N.Baker, unpublished results) . Loss of sea function results in an irregular pattern of R8 cells associated with a disordered pattern of ommatidia ( Fig. 1A and B) . Bristle organs of the adult peripheral nervous system are also affected, but no effect on embryonic or central neurogenesis has been described. Mosaic analysis indicates a function for Although other cell types are not identified by definitive markers, cell arrangements seem consistent with normal recruitment of subsequent cell types around the abnormal R8 skeleton, with dual induction of some shared cells. scu in R8 cells. However, scu is expressed first in an array of groups of cells at the anterior of the morphogenetic furrow, from each of which emerges a single sea-expressing R8 cell ( Fig. 1A and C) . These data, as well as genetic interactions between scu and various N mutations, led us to conclude that R8 determination was first restricted to sea-expressing cell groups and then further to single scu-expressing cells, and suggested to us that scu was involved in selecting the appropriate R8 cells, possibly through biochemical interaction with N. Since the scu mutant phenotype is less extreme than NtS, it was thought scu might encode a partially redundant function .
When scu expression was examined in scu mutants, we found not only an irregular pattern of R8 cells, but also that the cell groups in which scu was first expressed were irregularly arrayed (Fig. 1B) . This indicated that the initial array was influenced by prior sea expression in the more posterior cells that had already begun differentiation. This was experimental evidence that patterning of eye development relies on the posterior, differentiating region as a template Mlodzik et al., 1990) . However, we could not distinguish whether a posterior template was of major or minor importance, since we had thought that scu could not be the only factor involved but must be partially redundant and since the site of synthesis of the putative other factors was unknown.
Like N, the neurogenic gene Delta (DI) is also required for eye development (Dietrich and CamposOrtega, 1984; Parody and Muskavitch, 1993) . We show here that, as for N, reduction in Di function leads to excess R8 cells. Dl encodes a transmembrane protein which appears to be the major ligand for N during neural development and probably also in other cell types (Vassin et al. 1987; Kopcyzinski et al. 1988; Fehon et al., 1990; Heitzler and Simpson, 1991; Rebay et al., 1991) . It is unclear why DI should be sufficient ligand for N signalling in most tissues if sea is also required in the eye. This raises the question of whether sea protein modulates N only in some subtle way, either by interacting biochemically with N or Dl, or through a distinct biochemical route. In either case it remains unclear why, if scu is involved in singling out, it should be needed for eye development but be dispensable in other tissues.
Another view of sea has been proposed by Cagan (1993) . Clusters of ommatidial precursor cells might be specified in the morphogenetic furrow and become morphologically distinct before it is determined which of them will become R8. sea might function in cell interactions between these cells that determine which member of the ommatidial precluster will become R8. The function of sea is thus proposed to occur after the spacing of the array of ommatidial preclusters. This model is consistent with all the data except the effect of sea mutations on initiation of scu expression. However, it provides no explanation of the initial spacing of preclusters or the partial penetrance of scu null mutations (Cagan, 1993) .
For this paper, we examined patterns of R8 determination in double mutant combinations of the N, Dl and sea loci. We found a genotype (N"; sea) in which almost all cells in the morphogenetic furrow began differentiation as R8 cells. This is the first reported genotype that leads to morphogenetic furrow cells differentiating as the same photoreceptor type. The unpatterned state of the morphogenetic furrow in NIS sea allowed us to assess the function of the three genes individually. Our conclusion is that N and Dl amplify a pattern initially endowed on the morphogenetic furrow by sea. We suggest that spacing of ommatidia can be accounted for as the product of these two somewhat distinct pathways. In this view, sea function does not have to be redundant and may be the major influence patterning more anterior rows as they are recruited to eye development. To test whether this could be the initial step in patterning the eye, we compared expression of sea, N and Dl with cell morphologies in the mor- phogenetic furrow. We found that sea expression preceeded patterns of cell arrangement and of neurogenie gene expression, consistent with sea expression representing the first patterning of the morphogenetic furrow. To test whether function of sea might be required after the ommatidium has begun to form, we looked at sea function in Elp mutants in which there are only 5-loo/o of the normal number of ommatidia. There was no evidence for sea function in cell interactions within these isolated ommatidia.
Results

sea mutants form an irregular pattern of ommatidia including multi-R8 cell clusters
In sea mutants, an irregular array of ommatidia forms around a disorganised pattern of R8 cells (Fig. 1B) . The boss protein has been shown to be synthesized only in differentiating R8 cells (Kramer et al., 1991) . The boss protein was used as a marker to examine cellular arrangements in mutant ommatidia by immunoelectron microscopy ( Fig. 2) . In sea, about 50% of the photoreceptor cells clusters contain the normal number and arrangement of photoreceptor cells, although the inter-ommatidial spacing varies as does the relative orientation of adjacent ommatidia. The remaining ommatidia contain more than one R8 cell and variable numbers of other photoreceptor cells. These abnormal ommatidia contain different cell arrangements. In some cases, multiple R8-like cells were adjacent ( Fig. 2A) . In other cases, R8-like cells were separated by other photoreceptors (e.g. Fig. 2B ). Abnormal ommatidia containing only one R8 cell were not seen in sea eye discs. This suggests recruitment of further cell types is only affected in ommatidia with more than one R8 cell and that sea may have no direct role in recruiting other cell types (Fig. 2B ).
Double mutant analysis of sea, N and Di functions
Individual roles of genes with redundant or interdependent functions are more clearly revealed in comparison with double mutants, since function may be assessed in the absence of the second gene. Loss of function alleles at all three loci were used. Conditional alleles were used for N and DZ (see Materials and methods section for explanation of the N'$ and Dl'" genotypes). Expression of boss was again used to assay for R8 differentiation (Fig. 3) . Since boss expression begins three columns posterior to the morphogenetic furrow, sea expression was also assessed to distinguish rapid effects of loss of neurogenic gene function in the morphogenetic furrow from possible indirect effects occurring after the furrow but before boss expression. In fact, in these experiments, effects on boss and sea expression were always comparable (Fig. 4) .
Expression of boss in wild type and sea mutants ( Starting with the extensive R8 cell production that occurs in Nts;sca, addition of wild type sea function allows a regular array of R8 cell clusters to form in the NIS mutant. A role of sea+ establishing the array is implied. By contrast, addition of wild type N function does not lead to a regular array in sea mutants, but does lead predominantly to separated R8 cells and R8 cell clusters. Thus N+ function is able to resolve groups of potential R8 cells to single ones. This is also consistent with the effect of N+ in a sea+ genotype. Compared to the groups of R8 cells that develop in Nts, addition of wild type N function leads to the familiar regular array of single R8 cells.
3A and B) has been described above. In wild type eye discs, sea protein is expressed in five or six columns within the morphogenetic furrow (Fig. 4A ). Expression initiates in groups of cells at the anterior part of the furrow and is reduced to expression in the R8 cell precursor in four or five subsequent columns. Expression in cell groups never persists behind the first column in wild type Fig. 4A) . Since each column is initiated at the center of the disc and progresses laterally to the margin of the retina (Wolff and Ready, 1991a) , sea expression in groups of cells can be seen resolving to the R8 cell in each column just as expression initiates in cell groups in the anterior column. In sea mutants, the array of R8 cells is disordered as soon as R8 cell precursors can be identified on the basis of sea expression. In addition, sea expression is initiated in groups of cells with irregular spacing, sometimes without intervening non-expressing cells ; Fig. 4B ).
boss negative cells observed and no trace of the regular wild type array was discernible (Fig. 3D ). Examination of sea expression led to a similar picture. Sea expression was maintained by nearly all cells in columns formed at the restrictive temperature (Fig. 4D) .
Reduction of N function in NtS mutants results in differentiation of excess photoreceptor neurons, many of which appear to be R8 cells based on expression of sca1acZ enhancer-detectors (Cagan and Ready, 1989a; . These R8-like cells also express boss. Clusters of RS-like cells are seen in place of the single R8 cells of wild type (Fig. 3C) .
When N function is reduced, cell groups maintain sea expression after the first column (Fig. 4C) . These are the same cells that subsequently develop as photoreceptor neurons (Fig. 1E ). This shows that when N function is reduced, the ectopic R8 cells begin developing within the morphogenetic furrow. As was seen with boss expression, although the numbers of R8-like cells were increased by these temperature-shifts, the alternating array of adjacent columns was still recognizable (Fig. 4C) .
Reduction of Dl function in a sea mutant also led to extra R&like cells which expressed boss. The number of boss expressing cells was similar to that seen in Dl'" alone. However, the arrangement of the groups of R8-like cells was irregular, unlike the array seen in Df'". The sca;DIfS phenotype therefore resembled the sum of the sea and DI'" single mutant phenotypes (Fig. 3F) . Examination of sea expression in scu;DI" gave a similar picture. Expression of sea was maintained in groups of R8-like cells, as in D1", but these groups were of irregular arrangement, like the individual ommatidia in scu mutants (Fig. 4F) .
Reduction of Dl expression has effects similar to those seen with N. Clusters of cells expressed sea in the morphogenetic furrow and later expressed boss in place of the single R8 cell in each wild type ommatidium. As with N", the clusters of R8-like cells remained regularly arranged in columns (Figs. 3E and 4E) .
N and DI functions were reduced simultaneously in N";DI" double mutants. Groups of boss-expressing R8-like cells formed (Fig. 3G) . As in the respective single mutants, the extra R8-like cells were still arranged in a columnar array. The number of R8 cells was, if anything, slightly reduced in N";Dl" compared to NrS, quite different from the dramatic increase seen in N'S;~cu. Similar results were seen with scu expression in the morphogenetic furrow (Fig. 4G) . The apparent reduction in R8 cell numbers in NtS;DltS was unexpected, but reminiscent of certain dosage interactions seen during embryonic neurogenesis (de la Concha et al., 1988) . Reduction of N function in a sea mutant led to a These double mutant studies are summarized in Wolff and Ready (199lb, 1993) . The precluster photoreceptor neurons (R2-5 and R8) are highlighted in columns I-3. In column 0, we identify characteristic four cells groups, lying just anterior to the position where preclusters will form, as the 'rosette core cells' (Wolff and Ready, l99lb, 1993) . In column I, the five photoreceptor precursors become identifiable in an arc around the core cells. In column 2. the core cells are displaced from contact with the precluster by more lateral cells (the 'mystery cells'; Tomlinson and Ready, 1987a; Tomlinson et al., 1988; Wolff and Ready, 199lb, 1993) . We do not agree with Cagan (1993) that mystery cells derive from the rosette core. Core cells have been displaced in the top two preciusters shown, but are still being expeiled from the ommatidium at the bottom of column 2. In column 3, a mystery cell makes contact with the R8 precursor (e.g. the top ommatidium in column 3) and is then expelled again (e.g. the bottom ommatidium in column 3). Definitive live-cell preclusters, from which the mystery cells have been lost, are nearly always formed by column 4 (not shown). Fig. 7 and photoreceptor cell precursors highlighted. In column 2, core cells are being displaced from the precluster. In column I, core cells are still associated with the arcs of photoreceptor cell precursors. Most sea protein is in the R8 cell precursor, although sometimes protein is detected in other cells (example at the top of column 2). In column 0, the R8 cell precursor is identified by virtue of sea expression. However, the rosette arrangement seen at the apical surface (Fig. 7) Cagan (1993) suggested that sea might function after the founding of the ommatium, if several cells were still able to become R8 at this later stage. To test this hypothesis, RS-cell differentiation was examined in sea Elp double mutants. In Elp/Elp homozygotes, few ommatidia develop and are widely separated, so the normal spacing mechanisms may be bypassed. Expression of scabrous never initiates in cell groups, but occurs only in the R8 precursor cell (Baker and Rubin, 1992) . Therefore, in the Elp/Elp genetic background, sea mutations could only affect processes dependent on the R8 cell. If sea were required to maintain a single R8 cell per ommatidium once the ommatidium had formed, we would expect to see ommatidia with multiple R8 cells in sea Elp double mutants. On the other hand, if sea were required only in events preceeding initial selection of single R8 cells, no effect of sea mutations would be expected in Elp/Elp. R8-cell differentiation was studied using recessive loss of function alleles of sea in which sea protein is not properly secreted (X. Hu and N. Baker, unpublished) . In such mutants, sea protein is detected around the nucleus, probably in the rough endoplasmic reticulum, and is degraded more slowly than wild type sea protein. Thus, the mutant sea protein acts as a marker for R8 cells throughout most of larval eye disc differentiation (Fig.  6A) .
In Elp/Elp eye discs, each ommatidium contains a single differentiating R8 photoreceptor cell, as in wild type (Fig. 6B) . In sea Elp/sca Elp double homozygotes, no case of multiple R8 cells has been seen (Fig. 6D) . We conclude that the sea gene is not required to regulate R8 cell determination in Elp/Elp mutants. This does not seem consistent with a role preventing extra R8 cells forming within individual ommatidia.
Gene expression during ommatidium formation
If the periodic pattern of sea expression is the initial source of pattern in the morphogenetic furrow, it should preceed other early signs of the ommatidial array. Lead sulfide staining studies showed that cell shape and organization change in the morphogenetic furrow as clusters of cells rearrange to form the ommatidia (Wolff and Ready, 1991b) . Levels of N and Dl protein also change as the ommatidia form (Kidd et al., 1989; Johansen et al., 1989; Fehon et al., 1991; Kooh et al., 1993) . We describe the sea pattern in more detail using immunoelectron microscopy and compare N and Dl expression to sea using light microscopic double-labelling techniques. We find that sea expression precedes both modulation Fig. 9 . N expression in eye discs. (A) Apical epithelial surface of wild type eye imaginal disc, labelled for N protein (brown) and boss protein (blueblack). N levels peak anterior to the morphogenetic furrow (mf). Within the morphogenetic furrow. N levels are reduced in alternating groups of cells, three columns anterior to the onset of boss expression in the R8 cells. (B) Apical epithelial surface of wild type eye disc labelled for N protein (brown) and sea protein (blue-black). Cells with low N (e.g. white arrows) are just posterior to and out of phase with sea-expressing cell groups (e.g. black arrows). Morphologically the low N cells resemble the rosette core cells (cf Fig. 7 ). (C) More basal focal plane of the preparation in panel B, showing the underlying sea vesicles. Note that the single R8 precursors in column 0 are posteriorly adjacent to the low-N cells (e.g. white arrows).
Fig. IO. Dl expression in eye discs. (A)
Apical epithelial surface of wild type eye imaginal disc labelled for Dl. Uniform Dl levels are seen anterior to the morphogenetic furrow (ml). As the new column extends laterally within the furrow, DI levels drop in some cells (e.g. white arrows) and rise in the intervening cells. In the next column to the posterior, the R8 precursor may often be distinguished by its lower level Dl expression than the flanking R2 and R5 cells (e.g. black arrows). (B) Apical epithelial surface of eye disc labelled for Dl protein (brown) and sea protein (blue-black). Dl expression becomes modulated almost precisely as sea-expressing groups resolve (compare three adjacent clusters). Raised Dl expression overlaps sea-expressing cell groups by one cluster at most. Note reduced DI levels in R8 cells in column I (small arrows). (C) More basal focal plane of the preparation shown in panel B, showing underlying sea vesicles. R8 cell precursors lie within cells expressing DI (e.g. arrows). of neurogenic gene expression and changes in cell shape, consistent with a role in setting up the initial pattern.
A special lead sulfide staining technique has been described that reveals cell outlines on the apical surface of the eye disc epithelium, even in the morphogenetic furrow where the cells are greatly constricted (Wolff and Ready, 1991b ; Fig. 7) . The histochemical basis of the staining is not known. Using this technique to visualize cell shape, origins of precluster cells may be traced to earlier 'arcs' and 'rosettes' of cells in the morphogenetic furrow ( Fig. 7 ; Wolff and Ready, 199lb) . These are the earliest morphological indications of the future positions of ommatidia.
Expression of scu was detected by electron microscopy of thin sections after replacing diaminobenzidine reaction product with gold. The protein was associated with large vesicles in the eye disc cells (Fig. 1C) . Superficially, these vesicles resembled those previously described in studies of sevenless and bride-of-sevenless localization, which are thought to be multivesicular bodies (Tomlinson et al., 1987; Kramer et al., 1991; see Fig. 2) . As in those studies, fixation and detergent conditions used for antibody staining do not preserve multivesicular structures accurately, so their identification is only provisional. We did not observe sea protein outside the cell apically, or associated with the cell surface membrane. Fig. 8 shows a representative apical section from the anterior morphogenetic furrow (columns 2, 1, 0 and more anterior columns). Expression was usually not detected posterior to column 3. After the initial column, most sea protein is found in the R8 cell precursors. However, protein was sometimes seen in other nearby cells. Groups of sea-expressing cells lie 2 columns anterior to the 'arcs' of column 1. Rosettes are expected to occur in column 0 (Fig. 7 ), but were difficult to discern in thin sections. Column 0 predominantly contains single sea-expressing cells. Therefore, sea-expression already identified the R8 cell precursor when the earliest morphological differentiation occurs. Expression in groups of cells preceeds the morphological changes.
Thin sections and lead sulfide preparations should be compared with caution, since the comparison is between different specimens and since cell arrangements might be established later within the epithelium than at its apical surface. However, our conclusion that the cell groups expressing sea precede the 'rosette' arrangements illustrated in Fig. 7 was substantiated in ,double-label experiments (see below).
All eye disc cells express N protein, although the intensity of N staining varies in different cells. This may reflect changes in subcellular distribution of N protein or changes in cell membrane surface area, as well as absolute alterations in amount of N protein on a per cell basis (Kidd et al., 1989; Johansen et al., 1989; . Levels of N protein initially appear high in all cells at the anterior of the morphogenetic furrow. More posteriorly, a network of stronger staining surrounds groups of paler cells (Fig. 9A ). Double labelling with sea showed that the lighter staining cells lie between the scaexpressing groups, just anterior to the R8 precursor cells of column 0 (Fig. 9B and C) . This is the expected position of the rosette core cells.
The pattern of Dl expression in the eye disc is dynamic (Fig. 10A) . We concentrate on the morphogenetic furrow region. Anterior to the furrow, Dl is detected at low, uniform levels in all cells. Within the morphogenetic furrow, a periodic pattern evolves as Dl levels decrease in groups of cells while rising in their neighbors. More posterior, levels of Dl change rapidly in specific cells. For example, Dl expression becomes reduced in the R8 precursor cell but remains higher in the other precluster cells, particularly R2 and R5. Double label experiments show that sea expression initiates before Dl expression becomes patterned ( Fig. 10B and C). Changes in Dl levels become apparent as sea expression decays from the group expression phase. In column 0, high levels of Dl surround the sea-expressing R8 precursors at the time when the R8 precursor should be part of the rosette. Low Dl expression corresponds to the cells between the R8 cells, immediately anterior to the forming preclusters of column 1. Dl is downregulated in the R8 cell within column 1 (Fig. 10) .
Both N and Dl are membrane proteins that concentrate at cell junctions. Their antibodies can reveal the apical cell arrangement in favorable preparations. Correspondence of the cells with low N levels to the rosette cores can be seen in Fig. 9 . Fig. 11 shows a second example in higher magnification.
Discussion
We have studied the roles of three genes (iV, DI and sea) where mutations affect R8 photoreceptor cell differentiation in the developing eye disc. Loss of function of N or Dl results in extensive neural hypertrophy associated with differentiation of excess R8 cell precursors, whereas sea mutations give a less dramatic effect. It had been unclear what function the sea gene might perform specifically in the eye disc when N, DI and other neurogenic genes have more widespread roles. It was also unclear what other genes might function along with sea and be responsible for the seemingly incomplete penetrance of sea mutations. How the precise pattern of ommatidia is initiated in the eye disc was incompletely understood.
Important information came from studying doublemutant combinations. It appears that all cells acquire the potential to differentiate along an RS-like pathway and will do so as a default if both sea and N gene func- (Ma et al., 1993; Heberlein et al., 1993) .
The N";sca double mutant suggests that all retinal cells are potential R8 photoreceptor cells. In wild type, only a regular array of one cell in twenty or so does become R8. Placement of these cells should be crucial since recruitment of all subsequent cell types may depend on them (Tomlinson and Ready, 1987a; Jarman et al., 1994) . Our model seeks to account for the origin of this pattern. The first periodic pattern known to foreshadow the ommatidial array is the expression of sea protein by groups of cells. Studies in tissue culture show that sea protein is secreted (E.C. Lee and NB, unpublished results). This means that as retinal differentiation is triggered in each new column (shown by the arrow), cells in the new column should be exposed to different levels of sea protein depending on the distance from sea-expressing cells. We don't know how far sea protein travels in vivo, whether a gradient is involved. or at what point the intracellular protein we detect by antibody staining becomes extracellular, so the region shaded around the sea-expressing cells is just one example of the cells that may be exposed to significant sea levels. It may be significant that each new group of sea-expressing cells appears just as expression resolves to a single cell in the column to the posterior. Our model is that different levels of sea protein determine where ommatidium formation is suppressed and where it is able to continue. The mechanism might be independent of N function. Alternatively, since positive feedback can convert small differences in N activity between cells into large ones (Heitzler and Simpson, 1991) . sea might act by modulation of N activity at an early stage. It is possible sea may also be involved in selecting which cell in the group will become the RI-precursor (see text).
tions are reduced. This is the first report where loss of function mutations have led morphogenetic furrow cells to differentiate as the same photoreceptor cell type.
Comparison of double and single mutant phenotypes suggested a somewhat distinct role for sea compared to N and DI (Fig. 5) . Comparison of the N" phenotype with the N'$;sca phenotype indicated a major role for sea dividing columns of morphogenetic furrow cells into groups of potential R8 cells. In contrast, the major role of N and DI appeared to be in resolving such groups to isolated R8 cells, whether acting on the whole column in sea mutants or on an array of cell groups in wild type. This model leads to a novel view of the sea mutant phenotype. We now suggest the disorganized pattern of ommatidium formation in sea results from unrestricted action of neurogenic genes without prior patterning of the morphogenetic furrow by sea, and not from other genes partially redundant with sea (Fig. 12) . Consistent with this, we have not found any Drosophila genes with sequences similar to sea (X. Hu and N. B. unpublished results).
Acquisition of R8-like potential must occur downstream of generalized initiation of retinal differentiation by the diffusible signals hedgehog and decapentaplegic, and may require the proneural gene atonal (Ma et al., 1993; Heberlein et al., 1993; Jar-man et al., 1994) . At present we are ignorant about steps between furrow induction by hh and dpp, and the potential R8 stage revealed in N" sea mutants. Our results provide no direct evidence that R8 is the first potential fate acquired after induction of retinal differentiation, although this is the simplest model (Fig. 12) .
Recent studies of the morphogenetic furrow have revealed the importance of signals from the posterior, differentiating eye disc cells, to more anterior, undifferentiated cells. Secretion of hedgehog and decapentaplegic is required to induce cells anterior to the morphogenetic furrow to begin retinal differentiation (Heberlein et al., 1993; Ma et al., 1993) . However, there is no evidence from those studies that the pattern of differentiation influenced patterning of more anterior cells. Our results indicate that the posterior pattern is important. The array of sea-expressing cells that still formed in the furrow when N function was reduced was dependent on sea function. Thus, the patterning of the furrow depends on sea expression in more posterior cells. Most likely, sea protein is secreted, since sea is efficiently secreted by Drosophila cells in culture (E.C. Lee and N. B., unpublished results). Therefore, each new column of ommatidia initiates in the context of periodic sea synthesis just to the posterior (illustrated in Fig. 12 ). Since we no longer find evidence for other genes redundant with sea, posterior to anterior signalling might be the major factor patterning successive ommatidial columns.
Consistent with a role for sea as a template for unpatterned columns, we find that sea expression precedes modulation of levels of N and Dl in the furrow. sea expression appeared also to precede morphological patterning of the apical disc surface. Column 0 is defined by the rosette arrangement visible at the apical epithelial surface Ready, 1991 b, 1993; Figs. 7 and 8) . Sea was expressed by groups of cells anterior to column 0, and by column 0 was expressed mainly in the R8 cells. Cagan (1993) suggested that the rosettes might correspond to the groups of sea-expressing cells, but our results show that they are not temporally coincident. Instead, the rosettes may correspond to groups of cells in column 0 with elevated Dl expression and the rosette cores to cells with lower levels of N protein. It will be interesting to investigate the extent to which these different levels of neurogenic gene expression reflect determination of the R8 cell, of other precluster cells, or are themselves responsible for the changes in cell shape and arrangement.
There may be an additional role of sea aside from patterning the anterior of the morphogenetic furrow (Fig.  12) . Differentiation of adjacent R8-like cells in scu mutants is not expected if neurogenic genes are solely responsible for isolated R8 cells. In addition, mosaic analysis correlated abnormal ommatidium construction with R8 genotype . &a-expression is restricted to the R8-cell precursor rather late for R8 genotype to be crucial for patterning the furrow (Fig.  12) . Cagan has suggested that even after the ommatium forms, several cells are still competent to become R8, and that sea is involved in interactions amongst these cells (Cagan, 1993) . We found no requirement for sea in Elp/Elp mutants. In an Elp/Elp mutant background, sea is only expressed in the R8 cell. Therefore, sea cannot function in the R8 cell to maintain a single R8-precursor cell during interactions within the precluster, unless these occur very differently in Elp/Elp compared to wildtype. More plausible is that sea has some function in the selection of a single R8 cell from the scaexpressing group Fig. 12 ).
The simplest model for patterning the morphogenetic furrow consistent with our data is summarised in Fig.  12 . Naturally, this working model may eventually seem overly simple. Apparently, R8 becomes the default fate for all cells anterior to the furrow until sea protein functions to inhibit R8 determination in some of these cells. Groups of cells lying between the sources of sea are left to continue along their default R8 pathway and, subsequently, become the source of sea that patterns the next column, Neurogenic gene function reduces each SCCIexpressing group to a single R8 cell (Fig. 12) .
What is the mechanism by which sea patterns the furrow? One possible mechanism is that secreted sea protein inhibits R8 competence, so that only cells not exposed to sea become competent to become R8 cells. Two sets of results are not explained by this model. Firstly, sea expression does not initiate in all cells in sea mutants, as it does in NrS;sca. The presence of cells in which sea is never expressed in sea but not in N'";scu must be attributed to N+ activity and shows that N can inhibit even without sea (although apparently not in an ordered fashion). Secondly, Ellis et al. (1994) have investigated consequences of ectopic sea expression. They find that exposure of morphogenetic furrow cells to high uniform levels of sea does not block ommatidium formation but leads to a disordered phenotype like that of sea null mutations (Ellis et al., 1994) .
An alternative mechanism is that sea expression provides a bias that channels the activity of N into particular regions. This model is inspired by studies of bristle (macrochaete) determination (Heitzler and Simpson, 1991) . During bristle determination, quantitative differences between N activity in adjacent cells are amplified into all-or-nothing cell fate commitments. The initial difference in N activity required is less than two fold and may arise randomly (Heitzler and Simpson, 1991) . By analogy, differences in N activity might not arise randomly in the eye but in response to sea. The periodic sea distribution in wild type would lead to an ordered pattern of cell fate determination. When sea is absent or uniformly present other, possibly random, changes in N activity would lead to less organized cell fate determination. Ellis et al. (1994) arrive at a similar view based on different data. However, this model does not explain why a sea dependent pattern remains in N" mutants. One possibility is that modulation by sea has occured prior to the shift to the restrictive temperature for N.
Several biochemical mechanisms of sea function would be consistent with these ideas. However, if sea acts to regulate R8 competence prior to the singling-out process involving N, this suggests a distinct receptor and signal transduction pathway activated by sea. On the other hand, sea could generate regional biases in N activity by interacting directly with N or Dl proteins. Thus, one way to determine how sea patterns the furrow may be to identify the receptor for secreted sea protein.
Then it may be possible to determine whether sea prevents cells from taking the RS-cell fate through N directly, or via an independent signal transduction pathway.
Patterning of the morphogenetic furrow may be analogous to many instances during development when cells lie poised between alternative fates and subtle differences may become deciding factors in cell determination. We emphasize that our view is not simply that developmental decisions may occur sequentially. Expression of sea does not seem to induce a new cell type. All the cell types that differentiate in wild type will also appear in a sea mutant; the eye disc seems already primed to produce them. Rather, sea seems to allow a process that would occur in any case to occur in a regular pattern. The importance of amplification mechanisms that ensure robust outcomes from developmental processes has been emphasized previously by Waddington (1942) . He coined the term 'canalization' to describe programs that executed in some fashion even when their normal inducers are absent or aberrant, and also noted the significance of variably penetrant mutant phenotypes as a telltale sign of canalized developmental processes (Waddington, 1942) . We suggest a widespread function of neurogenic genes may be as amplifiers to establish reproducible patterns of cell fates, probably from diverse initial anisotropies analogous to sea. Many processes in several organisms have been shown to depend on N and related proteins. One example that will serve to illustrate our point is patterning of ventral uterine precursor cells in the nematode C. eleguns. The N homologue lin-12 is involved and, like N, competition between cells expressing different levels of lin-12 has been demonstrated (Seydoux and Greenwald, 1989) . Lateral inhibition between six members of the ventral uterine precursor equivalence group restricts the 1" cell fate (vulval) to isolated, nonadjacent cells. During wild type development, a graded anchor cell signal ensures that the outcome is always to select the same cell (P6.p) as lo (Sternberg and Horvitz, 1989) . If lateral inhibition occurs without the anchor-cell signal, random patterns of nonadjacent lo cells result (Sternberg, 1988; Herman and Hedgecock, 1990) . The role of the anchor-cell signal therefore seems analogous to that which we propose for sea in the morphogenetic furrow and the role of lin12 analogous to that of N.
Materials and methods
Drosophila strains
The N"' mutation (Shellenbarger and Mohler, 1975) was obtained from R. Cagan. In this allele, Gly I*'* is replaced by an Asp residue. Gly I"* is a conserved residue within the 32nd EGF-like repeat in the extracellular domain of the Notch protein (Xu et al., 1992) . D19f39 and D16"" were described previously (Lehmann et al., 1983; Jiirgens et al., 1984) . DIRF (the D188-49 allele of Xu et al., 1990) was obtained from M. Muskavitch. D19p39 may be an amorphic allele. D16E37 and DIRF are both heat-sensitive, the former being more severe (Lehmann et al., 1983; Parody and Muskavitch, 1993) . scaBp2 and scauB7 are null alleles . sea "M2 and SCQ r~" are phenotypically similar. .rcallM2 is a missense mutation resulting in protein levels similar to wildtype. scuwB' is truncated after Glu697 and results in a protein that accumulates around the nucleus and persists in the R8 cells until the end of the third instar (Baker et al., 1990, X. Hu and N.B., unpublished results) . T(2;3) B3 is a translocation involving the CyO and TM6B chromosomes, balancing the second and third chromosomes. For other chromosomes and mutants, see Lindsley and Zimm (1992) .
Immunocytochemistry and histochemistry
Eye imaginal discs were labelled with antibodies as described previously and mounted in DPX (Fluka) (Tomlinson and Ready, 1987a) . For scabrous, eye imaginal discs were dissected in the PLP fixative. The scabrous antibody was mouse polyclonal antiserum raised against a bacterial TrpE fusion protein containing most of the sea open reading frame (Bleed TA2, . The boss antibody was mAbboss1 except for Fig. 10 where the rabbit serum NNl was used (Kramer et al., 1991) . The N antibody was mAbCl7.9C6 supernatant, specific for the intracellular domain (Fehon et al., 1990) . The Dl antibody was mAb202 supernatant (A. Parkes and M. Muskavitch, in preparation). mAbBP104 is specilic for the neuronal form of the neuroglian protein (Horscht et al., 1990) . In most cases, secondary antibodies were horseradish peroxidase conjugates from Biorad. The diaminobenzidene (DAB) reaction was used, in the case of mAbboss1 in the presence of 1.5 mM NiC12, 1.5 mM CoCl2 (Adams, 1981) . DAB reactions were followed by brief postfixation in 2% 0~0, in NaP04 (pH 7.2). For double labelling sea with N or Dl, sea was visualised first using peroxidase conjugated goat-anti-mouse F(ab')* as secondary (Jackson Immunoresearch) with Co&Ii in the DAB reaction. N (or Dl) was then detected as described above. For double labelling boss and N, boss was visualised first using NNl followed with peroxidase conjugated goat-anti-rabbit (Biorad) and DAB/Co/Ni. The mAbC17.9C6 supernatant was added at 25% to the secondary antibody solution and subsequent washes so that the first DAB reaction was followed by incubation in peroxidase conjugated goat-anti-mouse antibody, then DAB, dehydration and DPX mounting. Double-labelled discs were dehydrated through an ethanol series (30%, 50%, 70%, 90% and 100%) prior to mounting in DPX, without osmication. Color figures were assembled using Adobe Photoshop from scanned Ektachrome images.
Lead sulfide staining was performed as described with removal of the peripodial membrane during fixation (Wolff and Ready, 199lb) . All the cells are outlined apically by this technique. It is not clear how certain cell arrangements are revealed by lead sulfide stain but not by other techniques for staining cell boundaries. Perhaps it is a consequence of the specific fixation procedure .
Temperature-sensitive genotypes
Temperature sensitive genotypes were obtained as the progeny of appropriate crosses. For N", the ula Nts chromosome was maintained homozygous at 18°C. For
DP.
DlRFITM6B flies were mated with either D16B371TM6B or D19P391TM6B, and phenotypically Tb+ larvae selected. The D19P391DIRF and D16B37fDlRF phenotypes were similar at the restrictive temperature, but D19P39/DlRF is thought to retain less function based on studies in other tissues (Parody and Muskavitch, 1993) . For all the double-mutant combinations, data presented are for Dl 6B371DlRF (abbreviated 01") because D19P39/D1RF eye discs do not develop normally even at the lowest temperature used, and because D19P39/D1RF genotypes were difficult to obtain in the presence of the other mutants. For NIS;sca, a waNtS; scauM21Df(2R)-vgD stock was maintained at 18°C. For sca;DP, scauM2;DlRFIT(2;3)B3 flies were mated to either sea uM21-Df(2R) vgD; DPB3?lTM6B or to scaBPZ BclCyO;Dl 9p39/TM6B, and phenotypically Bc Tb+ larvae selected. For NtS;DltS, wa NtS.DlRFITM6B was mated with wa N"; D16B371TM6B, aid phenotypically Tb+ larvae selected.
Temperature-shift experiments
Larvae were raised in an incubator at 18°C. Temperature shifts were performed by transfer either to waterbaths or to a forced-air circulation incubator (VWR), with similar results. Temperatures were measured using digital thermometers and probes calibrated by NIST. For N"', phenotypes became more severe as temperatures were increased above 29°C. Temperatures between 3 1.1 "C and 3 1.4"C were used as the restrictive temperature for these experiments, since after extended exposure to temperatures above 3 1.5"C, late third instar larvae become decrepit and eye discs became morphologically abnormal, in wild type as well as in N"'. The Dl'" genotypes were phenotypically similar at 31.5"C as at 29°C.
A large number of temperature regimes were used; not all are explicitly described in this paper. For example, discs from Nts' larvae were stained for scabrous, neuroglian and boss expression after 2-8, 10, 12, 13, 20, 27, 32 or 50 h at the nonpermissive temperature. Comparing results of different temperature shifts allowed rate of morphogenetic furrow movement to be estimated. The number of columns of sea expression unaffected at high temperature decreased by one column every two hours, suggesting the furrow moves at about one column every two hours above 3 1°C. Following downshifts the number of unnaffected columns decreased by one column every four hours, consistent with advance at one column per four hours at 18°C. It is important to note that it was possible to estimate these rates from observations of normally patterned columns in the mutant genotypes.
In the experiments described in this paper, larvae were maintained at the restrictive temperature for 4 h prior to immediate dissection for detection of sea protein. Two ommatidial columns show effects of loss of neurogenic gene function after this treatment (effects of loss of neurogenic gene function are first seen after 1 h at the restrictive temperature). As these phenotypes initially are reversible after return to permissive temperatures, assaying effects on boss expression require longer periods at restrictive temperatures followed by a period at the permissive temperature sufficient for the affected cells to develop boss expression. The data shown are for 6 h restrictive periods followed by chases of 22-36 h.
sea Elp double mutants
Double mutants were obtained by mating scaoB7 ElpB'lCyO flies with scaWB' Bc Elp'lCyO flies. Phenotypically, Bc/+ larvae were selected for dissection and Elp/Elp eye discs identified using the prominent zone of death (Baker and Rubin, 1992) . Controls were obtained from a sea wB'ICyO stock and from crossing sea wB' Bc Elp'lCyO flies to either sea oB71Cy0 or ElpB1lCyO.
